The modular multilevel converter (MMC) has the advantages of high efficiency, low harmonic, modular design, and easy cascade, which has been widely used in the field of high voltage and large capacity energy conversion. In order to improve the dynamic response speed of the MMC-HVDC based on the modular multi-level converter, a novel method which combines a model predictive control (MPC) of MMC-HVDC system with improved sub-module voltage balanced control strategy is proposed. The method, which utilises the prediction model, feedback correction and rolling optimisation to obtain the optimal voltage control, overcomes the difficulties in the traditional way of setting PI parameters of the internal loop current controller and the outer loop controller and tackles the problem of low dynamic response. Finally, a 21-level MMC-HVDC system simulation model is built on PSCAD-EMTDC software platform. The simulation results indicate the effectiveness and feasibility of the control strategy.
Introduction
As a new type of voltage source converter structure [1] which adopts sub-module cascading topology, MMC is easy to expand. By increasing or decreasing the number of series sub-modules, the voltage level of applications can be flexibly changed [2] . Compared with the traditional two-level or three-level Voltage Source Converter (VSC), MMC has lower switching frequency, less harmonic ingredient of the output current, and lower demand to consistency of the power electronic switch [3, 4] , which will be widely used in the field of High Voltage Direct Current Transmission (HVDC) [5] . Through the study of control strategy under asymmetric grid of MMC system, it is of great significance to improve the operational capability of MMC in grid fault of power system.
At present, the research on MMC has been studied very extensively both home and abroad. Meanwhile, the control strategy of system and the voltage balance of sub-module capacitance are the focus of research. The inner loop current of traditional vector controller based on the double-loop makes the dq axis current fast track its reference value, which is calculated by reference value of the active power, reactive power and DC voltage of the outer loop controller [6, 7] by adjusting the inverter output voltage. This method has the difficulties of setting PI parameter and the problem of slow dynamic response. The mathematical model of a MMC-HVDC system based on a two-phase stationary coordinate system is built, which combines with the steady-state control method of a proportional resonant (PR) controller in ref [8] . However, the control performance of this method is affected by the PR parameters. It can achieve the expected control effect by choosing the appropriate PR parameters. Compared with the traditional linear controllers, MPC control has the advantages of simple design, facility of achieving multi-objective control, and relatively higher dynamic performance indicators. In recent years, the research on MPC control strategy based on finite control set has been widely used in the field of electric power, which can realise the variable prediction and rolling optimisation [9, 10] . The existing simulations or experimental results show that the traditional MPC system can obtain satisfactory and stable dynamic performance. However, all these strategies require substantial calculations in each time step, especially for the number of roll optimisation [11, 12] .
With regard to MMC basic unit that is in sub-module capacitor voltage equalisation control, because of the DC side of the energy storage is provided by a number of sub-module DC capacitor voltages in series, the converter DC voltage control not only needs to control the total DC voltage, but also control each sub-module capacitor voltage. To overcome the problem of traditional voltage equalisation algorithm, a modular multi-level converter capacitorvoltage balancing optimisation algorithm based on Factorisation method was proposed in ref [13] . By means of dividing the submodules into different groups, calculation of the capacitor voltage sequencing is reduced. At the same time, an inter-group voltage balancing algorithm is adopted to solve the problem of voltage unbalance among the groups. Through processing the input capacitor voltage data of the sub-module based on the traditional voltage equalisation method, the switch state of the sub-module is reduced as much as possible and the capacitor-voltage balance of the sub-module of the bridge is maintained at the same time, which have achieved the reduction of the switching frequency of the inverter as well as achieved the purpose of reducing the number of full-control power electronic devices switching state [14] .
For this reason, combined with rapid sequencing algorithm of sub-module voltage equalisation control method, this paper proposes a fast MPC strategy which reduces the switching frequency of the sub-module and the switching loss of IGBT switching process, and minimises the computational burden of the system. Second-order generalised integral virtual flux estimation method (DSOGI-QSG) is used to improve accuracy of the phaselocked and reliability of flux estimation to reduce the system control cost. The overall design is of great importance to improve system efficiency and response speed. In each phase j (j = a, b, c), the upper arm is denoted by subscript p, the lower arm is denoted by subscript n, each bridge consists of N sub-modules in series. Each sub-module consists of a half-bridge circuit and capacitor C SM . Through controlling the turnon and turn-off of S1 and S2, this method can control C SM input and removal.
In the model shown in Fig. 1 , e pj and e nj represent the voltage of the upper and lower arm of phase j. i pj and i nj represent the current of the upper and lower arm of phase j. u j and i j are the j-phase AC side output voltage and current. Fig. 2 is a sub-module structure.
Mathematical model of the MMC
Based on the KVL theorem, the loop equations for the upper and lower arm can be written separately:
In the same way, the j-phase AC side current and the internal current of each bridge can be derived from the KCL theorem:
In the above equation, i zj is a circulating current of the j-phase, which defines positive direction as the same direction of current of the bridge arm.
According to formula (1)- (4), the time domain expression of i j and i zj can be deduced as in the following:
It can be seen from the above two equations that the AC side current and the circulating current are related to the voltage of the upper and lower arm. If the SM is turned on, the dynamic characteristics of the SM capacitor voltage is determined by the relative arm current:
In the above formula, u Crji represents the capacitor voltage of the arm r (r = p, n) of the ith (i = 1, 2, …, N) sub-module, i rj represents the corresponding arm current. Accordingly, MMC-HVDC single-phase equivalent circuit is shown in Fig. 3: 
Control algorithm of MMC-HVDC

Fast model predictive design
For purpose of rapid model prediction, the mathematical model described in the previous section should be discretised first.
Euler mid-point formula is as follows:
where x(k + 1) and x(k) represent the values of the variables at times k + 1 and k, and T s is the sampling period. According to the Euler formula, the expressions of the discrete domains of AC side current, circulating current and sub-module capacitor voltage can be derived from formula (5)- (7), which are as follows:
[e nj (k + 1) − e pj (k + 1)]
In the above equations, i j (k + 1) and i j (k) represent the values of the j-phase AC side current at the time of k + 1 and k. i Zj (k + 1) and i Zj (k) represent the j-phase loop current values at the time of k + 1 and k.
u Crji (k + 1) and u Crji (k) represent the sub-module capacitor voltage values. S rji (k) indicates the running status of sub-module (SM) at time k, when S rji (k) = 1 indicates that the sub-module is in turn-on state, and when S rji (k) = 0 indicates the sub-module is in turn-off state.
The main aims of MMC control are divided into three parts. Sub-module capacitor-voltage equalisation control; the phase current of AC side follows its reference value; the circulation of each phase should be suppressed. In order to achieve the goal of reducing computation cost, the traditional MPC needs to be optimised, such as optimising control objectives and simplifying the process of rolling optimisation. In traditional model predictions, AC side current, circulating current, and 2N SM capacitor voltages are proceeded by one-step prediction. All of the predictions above are calculated based on each available switching state of (9)- (12) . It can be seen that it takes big calculation cost to predict the sub-module capacitor voltage, and the calculation cost increases as the number of submodules N increases.
The basic control principle of the system was shown schematically in Fig. 4 . In order to achieve this goal, first, by adopting an improved fast model prediction approach, a large number of SM capacitor voltage predictions are avoided. Second, it simplifies roll optimisation by reducing the finite set of controls from all available switching states to the selected output voltage level.
Mathematical model of the MMC
The estimation of virtual flux linkage is a virtual motor which regard the AC network side as a virtual AC motor. The DSOGI-QSG and NLM methods are combined to eliminate the voltage sensor on the network side and improve the control precision of the corresponding voltage.
From the expression of system time domain derived in Section 1, we know that:
where,
According to the definition of virtual flux:
In the virtual flux estimation, in order to eliminate the DC offset in the voltage model, the formula above cannot be used directly to calculate the virtual flux linkage. In traditional virtual flux estimation method, the fractional parts of positive and negative phases and flux estimation part are cascaded together, therefore, cascade delay is produced inevitably and the transient response of system is influenced. In addition, the use of filters in conventional flux estimation can attenuate the magnitude of the estimated virtual flux linkage and possess no frequency adaptivity when the grid frequency fluctuates or the system operates at grid voltage asymmetries. The use of DSOGI-QSG for the sake of achieving the calculation of virtual flux can satisfy the band-pass filter, virtual flux estimation, and the separation of positive and negative phase sequences at the same time.
The structure diagram of the second-order generalised integrator (SOGI) and its sine signal generator (SOGI-QSG) are shown as follows:
FLL is a frequency-locked loop, and the following two transfer functions are obtained from Fig. 5a :
Accordingly, SOGI transfer function is shown in Fig. 5b :
where ω′ and k are the resonance frequency and the trap factor, u′ is the output of SOGI and q is the phase angle lag of 90 degrees. It can be seen from (15) and (16)
A virtual flux linkage in the frequency domain can be defined ω′ ⋅ ψ′ = χ. Let μ α (s) = v α − R eq ⋅ i α , μ β (s) = v β − R eq ⋅ i β and convert (13) into the αβ coordinate system. According to the definition of virtual flux in the frequency domain, virtual flux linkage in the coordinate system can be expressed by (18):
The formula for calculating the virtual flux linkage in the positive and negative frequency domains in the stationary two-phase coordinate system becomes:
Therefore, the structure chart of combining DSOGI-QSG and MPC can be shown in Fig. 6 . From Fig. 6 , The transfer function from 1 to 2 is:
It can be seen from (22), the result to the calculation of positive sequence virtual flux is unity gain and 90° phase angle delay, while the negative sequence gain is zero. So negative sequence can be eliminated through the inherent ability. 
Sub-module voltage balance control strategy
In the sub-module voltage balancing strategy, the MMC-HVDC system not only needs to control the stability of the DC bus voltage, but also needs to control the equalisation of the capacitor voltage of each sub-module of the MMC. The NLM voltage balancing modulation algorithm based on ranking method can effectively realise the balance of sub-module capacitor voltage [15] . According to the core idea of voltage ranking method, first, the capacitor voltage of each bridge arm sub-module is sorted. Then according to the charge-discharge direction of the bridge arm current, the sub-modules of higher or lower capacitor voltage are preferentially input. Thus, the capacitance voltage of the submodule is balanced. Aiming at a large number of sub-module capacitor voltage balance, a mixed optimisation method based on factorisation is proposed to reduce the number of sorting times by introducing Hill sorting algorithm. Then, the simulation time and the requirement of system hardware can be reduced [16] . In this paper, fast sorting algorithm is used to rank sub-module capacitor voltage. The number of conducting sub-modules of each bridge is represented by M rj . By detecting the arm current, M rj can be determined by the second and third control targets. Therefore, it is the key to combine the second and third control objectives with M rj . Based on formulas (11) and (12), the sum of the sub-module capacitor voltages at time k + 1 is as follows:
For the convenience of analysis, assuming the sub-module voltage has been well-balanced control, which is U dc /N. Arm voltage of jphase can be expressed as:
Substituting (24) into (9) gives the relationship between the system AC side current and the number of sub-module turning on as follows:
Similarly, substituting (24) into (10) gives the relationship between system circulation and conduction number of sub-module as follows:
From (25) and (26), the second and third control objectives can be achieved by choosing the optimal number M rj of SM conduction states in each bridge. By calculating the cost function g, the optimal number of inputting sub-modules can be determined and the calculation of the system can be simplified by fast sorting method. Although the amount of calculation increases with the number of sub-modules N increasing, it is still much less than the traditional model predictive control. The control of the second and third goals is achieved and the optimal numbers of sub-modules turning on are found through that way.
In the formula above, i j (k + 1) indicates the reference value of the j-phase AC current at time k + 1, λ 1 and λ 2 are the weight coefficients. Fig. 7 shows the system control block diagram. In each sampling period, in order to achieve three control aims, part of MPC algorithm and part of the voltage sorting algorithm will be executed continuously. First, all the required power is sampled. For each selected voltage level in the MPC algorithm, the predicted value of the controlled variable at time step k + 1 is calculated by (25) and (26). Then, the relative value of the cost function is calculated so that the optimal voltage level for time step k + 1 is selected during the rolling optimisation. In the meantime, the numbers of upper and lower arm sub-modules inputting (denoted respectively by M optpj and M optnj ) are sent to the section of voltageranking algorithm. Therefore, it can be concluded that the optimal output-phase voltage is determined by the model prediction algorithm and the optimum switching state is determined by the voltage-ranking algorithm. Compared with the traditional method, the model of MMC capacitor voltage balancing controlled by fast sequencing optimisation algorithm can reduce the sorting times of single bridge arm, improve calculation speed, and reduce the control system operation burden.
Simulation experiment and result analysis
In order to verify the correctness and feasibility of the rapid model predictive design and the equalisation control strategy of the submodule proposed in the paper, a 21-level MMC-HVDC system model is built on the PSCAD-EMTDC platform for simulation. Table 1 gives specific parameters of the system.
The system simulation results and analysis are as follows. Through the simulation, the active and reactive control effects of the system are verified, and the anti-disturbance ability under abrupt change of power is maintained. The DC voltage, the stability of the AC side current, and the ability of suppressing the inter-phase circulation are maintained.
(1) As can be seen from Fig. 8 , the active power of the converter station 1 is transited to the steady state given by the system after 0.1s. Similarly, the active power of the converter station 2 can also reach the state expected by the system after a brief fluctuation. It can be seen that this control system has a faster response speed and can also quickly achieve the desired power control. (2) Fig. 9 shows that the DC voltage of the system can reach the reference value of 320 kV in a relatively short time and maintain the stability and achieve the expected control effect through fast model prediction and sub-module average voltage control strategy, at the same time combining DSOGI-QSG virtual flux estimation method. (3) As can be seen from Fig. 10 , when the system active power changes, after a brief fluctuation of reactive power, it can maintain the value near the reference value of the system without obvious oscillation. So we can see that system has a faster response speed; active power and reactive power can be independently controlled; unit power factor can be achieved transmission. (4) After the system runs stable, sub-module voltage fluctuations should not be too large, because the sub-module capacitor voltage deviation will affect the AC voltage waveform. Fig. 11 shows that the response of the A-phase circulating current is at steady state. It can be seen from the figure that the circulating current is basically suppressed to zero. Fig. 12 shows the B-phase bridge arm module capacitor voltage waveform, from which we can see that the voltage of any one of the sub-modules on each bridge can fluctuate around 16 kV and also can satisfy operational control requirements of MMC-HVDC. On the one hand, it can maintain the dynamic balance of the sub-module capacitor voltage and the stability of the DC voltage of the system, on the other hand, it can also ensure the stable operation of system equipment and devices avoiding the damage caused by faults. (5) Fig. 13 is the inverter side of the AC voltage. It is can be seen that through the model prediction and sub-module voltage balance control, the system inverter side waveform can maintain a sine wave and using DSOGI-QSG-based virtual flux estimation method makes the system less harmonic content. Furthermore, dynamic performance and steady-state accuracy have improved.
Conclusion
MMC-HVDC control strategy based on model prediction and fast sorting method is adopted in this paper. Using the rapid model prediction method, the system mathematical model is discretised and predicted, the computation in the variable prediction process is reduced, and the optimal sub-module numbers of the upper and lower bridge are quickly sorted. Therefore, it is of great significance to reduce the computation cost of the entire system and achieve the objective of optimising the control objectives and equalising control of the sub-modules. Using DSOGI-QSG virtual flux estimation method, it is beneficial to improve the accuracy of the corresponding voltage link. The simulation results show that this control strategy has good immunity to power fluctuations and realises independent control of active and reactive power. It achieves the goal of DC voltage control, AC side current stability, and circulation suppression. 
